A detailed assessment of the uterus forms a pivotal part of the ART treatment process. The emergence of threedimensional ultrasound (3D US) has provided clinicians with a highly powerful tool in this respect. Assessments with 3D US range from the reconstruction of anatomical planes elusive to conventional US, to the objective measurement of anatomical volumes and vascularization parameters. However, despite the ever increasing number of publications emerging in the literature, the question of which aspects of 3D US are of most clinical value remains a topic of debate.
OBJECTIVE AND RATIONALE:
The objective of this review is to dissect which aspects of the 3D US assessment of the uterus are supported by a strong level of evidence to date, and should therefore be incorporated into current routine clinical practice.
SEARCH METHODS:
We conducted a systematic search of the PubMed database up to May 2016, using a combination of text words and Medical Subject Headings (MeSH) pertaining to the 3D US assessment of the uterus. All articles published in the English language were screened to ascertain relevance to women of reproductive age; further citations were retrieved through manual reference list searching.
Introduction
Despite years of advancement in ART techniques and treatment, a significant proportion of euploid blastocysts fail to result in viable pregnancies (Meldrum, 2016; Meldrum and de Ziegler, 2016) . Although several pathogenic factors are implicated, the role of the uterus-both anatomical and physiological-is regarded as pivotal . The most amenable and comprehensive assessment of the uterus is nowadays undoubtedly achieved by ultrasound (US) (Groszmann and Benacerraf, 2016) . In the recent years, the addition of three-dimensional (3D) US has further enhanced the application of conventional 2D US, offering many practical applications and clinical advantages within this context (Andreotti and Fleischer, 2014) . It is not an exaggeration to state that to date the most valuable application of 3D US in gynaecology pertains to the imaging of the uterus, and particularly the reconstruction of the coronal plane, which is elusive to conventional 2D US in the majority of cases (Timor-Tritsch and Monteagudo, 2007) . However, even within the assessment of this single organ, a vast number of different 3D US applications have been developed over the years. The purpose of the present review is to critically assess the evidence for all aspects of the 3D US assessment of the uterus and dissect which are of most value within the context of ART treatment.
Methods
A systematic PubMed database search was performed up to May 2016, using a combination of text words and Medical Subject Headings (MeSH) in order to generate a list of primary citations pertaining to the 3D US assessment of the uterus (i.e. 2D, 3D, US/sonography, saline infusion sonography [SIS] , sonohysterography [SHG] , uterus, endometrial/subendometrial volume/vascularity, uterine/mullerian anomalies/malformations, polyps, fibroids/myomas, adenomyosis, junctional zone, intrauterine adheions/Asherman's syndrome, intratubal/intrauterine devices, embryo transfer, early/ectopic/interstitial/ angular/cervical pregnancy, implantation). Relevant articles published in the English language were reviewed without date restrictions. References from these articles were manually screened for further relevant citations. The references were compiled and reviewed in a systematic order as presented hereafter.
The endometrium
Measurements of the uterus and endometrium have long been performed by 2D US. The changes of endometrial thickness have been known to vary with the cycle and have been examined for over 25 years both in ovulation induction (Fleischer et al., 1984) and in natural cycles (Fleischer et al., 1986) . It has therefore become common knowledge that the endometrium is at its thinnest following menstruation and during the early follicular phase, and increases steadily until ovulation and the subsequent luteal phase (Bakos et al., 1993) . Furthermore, the changing texture of the endometrium as visualized with the use of 2D US during the ovulatory cycle has been described (Sakamoto, 1985) . Most importantly, the endometrial thickness in 2D US has been associated with several reproductive outcomes, namely clinical pregnancy, miscarriage, ectopic pregnancy and live birth (Yuan et al., 2016) . The question therefore arises whether the assessment of the endometrium with 3D US has any advantages over the conventional 2D US assessment.
Endometrial volume
Although estimation of volumes, such as ovarian volume, can be achieved through 2D US via measuring the distances of three axis and using simple formulae, such as the prolate ellipsoid formulae (Brett et al., 2009) , such formulas do not exist for the endometrium which varies significantly in shape. However, 3D US acquisition of an entire uterine volume has allowed the estimation of the endometrial volume through computer aided software, the most well-known being VOCAL (Virtual Organ Computer aided AnaLysis) (GE Medical Systems Kretztechnik GmbH & Co, Austria). VOCAL allows the operator to repeatedly outline the endometrium on any plane of the uterus (sagittal, transverse or coronal), as the uterus is rotated along a stable axis over 180°. The operator can select the degree of the rotation steps, for example 30°, 15°, 9°and 6°, which correspond to 6, 12, 20 and 30 images needing outlining by the operator, respectively. Early work on the interobserver reliability and validity of the 3D US volume estimations concluded that when using VOCAL, the 9°of rotation steps (i.e. outlining the endometrium 20 times) should be the preferred method of choice, as it offers the best compromise between validity, reliability and time needed to perform the measurements (Raine-Fenning et al., 2002 , 2003 (example shown in Fig. 1a) .
Following the studies that confirmed the reproducibility of the endometrial volume assessment, a hallmark study was performed to define the normal endometrial volume changes during a natural ovulatory cycle (Raine-Fenning et al., 2004a) . Thirty women with regular cycles were assessed with 3D US on an alternate-day basis until ovulation and then every 4 days until the next menstrual period. It was found that the volume increased significantly during the follicular phase (P < 0.001) reaching a plateau in the peri-ovulatory period, while remaining relatively stable throughout the luteal phase. As expected, the endometrial volume showed remarkable correlation with the 2D US assessment of the endometrial thickness (R 2 = 0.767; P < 0.001) (Fig. 2a) . Several studies attempted to correlate the endometrial volume with the pregnancy outcome following ART, with conflicting results (Table I) . Some studies found a significantly increased endometrial volume in women achieving a pregnancy following ART  Figure 1 Examples of estimating endometrial volume (a) and endometrial vascularization (b) using Virtual Organ Computer aided AnaLysis (VOCAL) in the multiplanar display. Merce et al., 2008) , while the majority did not (Schild et al., 1999 (Schild et al., , 2000 Yaman et al., 2000; Wu et al., 2003; Jarvela et al., 2005; Ng et al., 2006a,b; Kim et al., 2010 Kim et al., , 2014 Zácková et al., 2009) . Other studies tried to determine certain thresholds for endometrial volume required to achieve a pregnancy, similar to the thresholds described for endometrial thickness. Some of these reported significantly reduced pregnancy rates with endometrial volumes of less than 2 ml (Raga et al., 1999 while others reported no pregnancies in women with an endometrial volume of less than 1 ml (Raga et al., 1999) , or with a volume of more than 8 ml (Kupesic et al., 2001) . Due to the conflicting results, and highly heterogeneous data, which does not allow for meaningful metaanalyses, the data so far do not support the notion that endometrial volume measurement is superior to the measurement of endometrial thickness in predicting the outcome of ART. Overall, this could either be a result of variability in 3D US measurements amongst different groups (since there is no standardization for the analysing technique of endometrial volume measurement), or simply reflect the fact that endometrial volume is essentially a surrogate marker for endometrial thickness, and does not add significantly to the pool of contributing factors known to relate to ART outcome. Therefore, 3D US assessment of the endometrial volume is not currently recommended for routine clinical practice.
Endometrial vascularity
It is generally accepted that a good endometrial blood supply can lead to adequate proliferation and improved endometrial receptivity. Gannon et al. (1997) almost 20 years ago used a laser Doppler technique to directly assess red blood cell flux in the endometrium during the menstrual cycle. They found that flux values were highest at times associated with endometrial growth and preparation for implantation, implying that endometrial blood flow may be a useful parameter for assessment of endometrial physiology and receptivity. This was in line with the traditional notion that decreased uterine blood flow may be a cause of infertility presumably due to its associated effect on the endometrial blood flow and receptivity (Goswamy et al., 1988) . At the time, this was assessed by 2D US in the form of pulsatility index (calculated as the peak systolic velocity [PSV] minus end-diastolic velocity divided by the mean) and resistance index (calculated as the ratio of PSV minus end-diastolic velocity divided by PSV). Interestingly, although these markers were found to have an association with ART outcomes in a number of early studies (Sterzik et al., 1989; Steer et al., 1992; Coulam et al., 1994; Serafini et al., 1994) , they were not widely adopted in clinical practice or further evaluated in clinical trials. The primary reason was most likely because investigators were not convinced that uterine artery blood flow actually reflected the true blood flow to the endometrium; this is with reason, since endometrial blood flow is known to arise predominantly from the myometrium and also collateral circulation between uterine and ovarian vessels (Ng et al., 2007) . Attempts were therefore subsequently made to assess the endometrial blood flow more directly. These involved either 2D Doppler indices of spiral arteries adjacent to the endometrium, or the identification of blood flow in the endometrium or sub-endometrium on 2D Doppler. For the former, some studies reported an association with pregnancy outcomes (Battaglia et al., 1997; Kupesic et al., 2001) , while others did not (Zaidi et al., 1995; Yuval et al., 1999) . Most studies found a positive association between the presence of endometrial and/or subendometrial blood flow and the achievement of pregnancy (Zaidi et al., 1995; Battaglia et al., 1997; Yuval et al., 1999; Chien et al., 2002; Maugey-Laulom et al., 2002) . This paved the way for assessing the endometrial blood flow more accurately using the 3D US techniques described below.
As 2D US does not allow the easy quantification of blood flow in the endometrium, the combination of power Doppler with 3D US was thought to be somewhat of a breakthrough at the turn of the century, as it allowed objective and non-invasive quantification of the endometrial vascularization. When 3D US is performed in combination with power Doppler, the application of the VOCAL software can provide the so-called vascularization index (VI), flow index (FI) and vascularization flow index (VFI) for any desired volume of interest (i.e. the endometrium in this case). It does this by assessing the number and intensity of the voxels within a given volume. Voxels are essentially minuscule cubes within a 3D volume (similar to pixels being minuscule squares within a 2D picture), that become coloured when Doppler flow is detected, and in fact with increasing colour intensity as the speed of Doppler flow increases. In terms of the indices used, VI denotes the ratio of coloured voxels to all voxels within the volume and is expressed as a percentage (i.e. 'how much blood flow there is'); FI represents the mean power Doppler signal intensity from all coloured voxels (i.e. 'how strong the blood flow is') and VFI is the simple mathematical relationship derived from multiplying VI by FI and dividing the result by 100 (i.e. a marker of overall vascularization). The latter two (FI and VFI) are unitless and are expressed as a numerical value ranging from 0 to 100 (Alcazar, 2008) .
Although the 3D US assessment of endometrial volume had been shown to be highly reproducible, the application of power Doppler and measurement of the blood flow indices (VI, FI, VFI) did not prove to be as reproducible, albeit still acceptable (inter-class correlation coefficient > 0.9) (Raine-Fenning et al., 2004a,b,c) . Interestingly, unbeknown to most clinicians, 3D US vascularization indices can be affected by factors often mistakenly thought to be trivial, such as the US machine setting and speed of 3D volume acquisition (Raine-Fenning et al., 2008) . Nevertheless, using the same operator and machine settings, the normal changes of 3D US vascularization throughout the cycle have been assessed, and found to be more variable than the changes in the endometrial thickness and volume (Fig. 1b) . In particular, there appears to be a preovulatory peak and post-ovulatory nadir during the peri-implantation window in both the VI and FI (Raine-Fenning et al., 2004a,b,c) , which does not follow the pattern of the endometrial volume and thickness. Not surprisingly, a plethora of studies have been undertaken to assess the correlation between 3D US endometrial blood flow indices and pregnancy outcomes in women undergoing ART. Similar to the studies assessing endometrial volume (in fact many assessed both volume and vascularity), they were highly heterogeneous (i.e. different populations, different timing of measurements, different machines/settings/operators) and therefore not amenable to metaanalyses. Interestingly, their results were similarly conflicting, with some reporting correlations between certain 3D US vascularization indices and pregnancy outcome (Schild et al., 2000; Kupesic et al., 2001; Merce et al., 2008; Kim et al., 2010 Kim et al., , 2014 , while others reported no associations (Wu et al., 2003; Jarvela et al., 2005; Ng et al., 2006a,b; Zácková et al., 2009 ) (publications shown analytically in Table II ). Given the inconsistencies in the studies published to date, and the additional limitations in the reproducibility of this examination, 3D US assessment of endometrial and subendometrial vascularization is also not currently recommended for routine clinical practice in the ART setting.
The junctional zone
The junctional zone has gained considerable interest in the ART setting in the last few years (Brosens et al., 2010) . It represents a distinct layer of the inner myometrium, and envelops the entire endometrial cavity. Interestingly, unlike the outer myometrium which is thought to be mesenchymal in origin, the inner myometrium along with the junctional zone is derived from the embryonic paramesonephric ducts, from which the endometrium also arises (Noe et al., 1999) . The junctional zone is known to consist of normal myocytes, but with a greater nuclear-cytoplasmic ratio and a higher density of blood vessels compared with the smooth muscle cells of the outer myometrial zone (Tetlow et al., 1999) . This is thought to result in its characteristic hypoechoic appearance on US (example shown in Fig. 3 ). The role of the junctional zone in implantation and pregnancy is likely to be multifaceted. For example, excessive myometrial contractions, which have been shown to originate exclusively from the junctional zone (Brosens et al., 2010) , are known to reduce pregnancy rates in both natural (Ijland et al., 1997) and ART cycles (Fanchin et al., 1998) . Interestingly, a disruption in the junctional zone seems to occur during early implantation, possibly reflecting an interplay between local vascular and perfusion changes and the junctional zone from the first days of implantation (Turnbull et al., 1995) . Furthermore, in later pregnancy, defective deep placentation resulting from absent or incomplete transformation of the spiral arteries within the junctional zone has been associated with pre-eclampsia and intrauterine growth restriction (Brosens et al., 1972) .
Growing evidence suggests that an abnormal junctional zone is one that is characterized by thickening or hyperplasia . Although this has traditionally been assessed with magnetic resonance imaging (MRI) (Reinhold et al., 1999) , 3D US has provided 'new and unrivalled views' of the junctional zone in recent years (Naftalin and Jurkovic, 2009) . This is because the 3D US coronal view allows a delineation of the entire lateral and fundal aspects of the junctional zone, which is rarely visualized on 2D US. In addition, the hypoechoic features of the junctional zone often appear more pronounced on 3D versus 2D US, particularly with the application of certain rendering techniques. However, due to the limitation of varying tissue penetration with US, MRI has been the traditional gold standard method of choice for the assessment of the junctional zone (Reinhold et al., 1996) . Interestingly, although the 3D US inter-and intraobserver variability has been found to be satisfactory in terms of assessing whether the junctional zone visualization is optimal, satisfactory or unsatisfactory (Naftalin et al., 2012) , there appear to be no reproducibility studies concerning objective measurements of the junctional zone itself, such as intensity, homogeneity and thickness, which is important since it is these variables that have been tested in relation to clinical outcomes, as described below.
Early data from MRI studies suggested that patients with a reduced contrast between the myometrium and the junctional zone were more likely to conceive; the authors of that preliminary study reported that this was the strongest marker of receptivity compared to any other marker from their endometrial or myometrial assessment (Turnbull et al., 1994) . Subsequently, another MRI study reported that a thickened junctional zone was in fact strongly associated with adverse outcomes following IVF, with an implantation failure of 95.8% in women with an average thickness of 7 mm or more (Maubon et al., 2010 18.72 ± 14.74
10.06 ± 9.07
<0.001
However, a study using 2D US found the opposite result, reporting an overall thicker junctional zone in women who conceived versus those that did not (5.1 ± 1.1 versus 4.2 ± 1.5, respectively; <0.01). Interestingly, although there are several 3D US studies describing the assessment of the junctional zone in relation to adenomyosis and endometriosis (Exacoustos et al., 2011 Luciano et al., 2013) , there appears to be no study using 3D US to assess the junctional zone characteristics in women undergoing ART. However, there has been one recent study demonstrating differences in the junctional zone thickness of women with recurrent miscarriage compared with fertile controls (maximum thickness 5.8 ± 0.7 mm versus 5.0 ± 1.1 mm, respectively; P < 0.01) (Lazzarin et al. 2014) . Therefore, there is scope for future studies to examine the relation between junctional zone thickness on 3D US and clinical outcomes in women undergoing ART.
Congenital uterine anomalies
Embryologically, the paramesonephric (or Müllerian) ducts are responsible for the formation of the fallopian tubes and uterus up to the external cervical os. Congenital uterine anomalies are therefore the result of failed development of these embryological ducts in early foetal life (Acien and Acien, 2016) . Epidemiologically, their prevalence appears to be in the order of 6.7-7.3% in the general population, 7.3-8.0% in the infertile population and 13.3-16.7% in the recurrent miscarriage population (Saravelos et al., 2008; . From a clinical point of view, recent meta-analyses have found these anomalies to be associated with reduced pregnancy rates, increased miscarriage rates, increased preterm delivery rates, increased rate of malposition at delivery, decreased birthweight and increased perinatal mortality rates Venetis et al., 2014) . In addition, resection of the uterine septum has been found to be associated with reduced risk of miscarriage when compared to untreated women (Venetis et al., 2014) . Given the high prevalence of these congenital anomalies, and their apparent impact on reproductive outcomes, it is quite clear that appropriate imaging and diagnosis of these anomalies in the context of ART treatment is pivotal. The diagnosis of congenital uterine anomalies has long been a topic of debate since there are so many different imaging modalities that have been used for diagnosis, namely hysterosalpingography (HSG), hysteroscopy, laparoscopy, MRI, 2D US, 3D US, 2D and 3D SIS (Saravelos et al., 2008) . Equally there have been a great number of different classifications systems proposed (American Fertility Society, 1988; Oppelt et al., 2005; Acien and Acien, 2011; Grimbizis et al., 2013) . A recent international consensus on the diagnosis of female genital tract anomalies included a systematic review assessing the diagnostic accuracy of all aforementioned methods when compared to the gold standard of hysteroscopy/laparoscopy (Grimbizis et al., 2016) . Of 38 studies analysed, the following methods were found to be the most diagnostically accurate in descending order (mean accuracy [95% CI]): 3D US 97.6% (94.3-100), SIS 96.5% (93.4-99.5), HSG 86.9% (79.8-94.0) and 2D US 86.6% (81.3-91.8) (Table III) . It is worth noting that although MRI has not been tested as a screening tool (presumably due to limited availability and cost), it is considered to be at least as accurate as 3D US (Graupera et al., 2015) , with correct diagnosis of subtypes in over 85% of cases (Grimbizis et al., 2016) . In view of these findings, the aforementioned international consensus concluded that 3D US should be considered as the standard for diagnosis of female genital anomalies supplemented by MRI and/or hysteroscopy and laparoscopy for complex or ambiguous cases (Grimbizis et al., 2016) . Additionally, it has been highlighted that irrespective of the high accuracy in diagnosis, 3D US offers other significant advantages over other methodologies, in that it is noninvasive, time efficient, cost-effective, readily available, objective, highly reproducible (Saravelos and Li, 2015) and can be used simply at the patient's bedside alongside a self-explanatory classification system, such as that of ESHRE-European Society for Gynaecological Endoscopy (ESGE) (Grimbizis et al., 2013) (examples shown in Fig. 4) . Furthermore, it can be used in conjunction with hysteroscopic surgery, to plan and guide the procedure by assessing the depth of the septal resection (Ludwin et al., 2014) . Undoubtedly, therefore, Figure 3 The junctional zone can be seen as a hypoechoic halo surrounding the endometrium in the three-dimensional (3D) ultrasound (US) coronal plane: In a normal uterus a smooth endometrial outline with the enveloping junctional zone should be seen (a). In a uterus with adenomyosis, the endometrial outline along with the junction zone may be distorted or interrupted; additionally myometrial changes such as hypoechoic shadows or cysts may be seen (b).
one of the most valuable and evidence-based applications of 3D US is that of the diagnosis and objective assessment of congenital uterine anomalies.
Acquired uterine anomalies
Polyps Endometrial polyps, which are essentially localized overgrowths of the endometrial glands and stroma, have long been associated with infertility (Kodaman, 2016) . Epidemiologically, they have been found to be more common in women with infertility (Shokeir et al., 2004) and recurrent implantation failure (Cenksoy et al., 2013) . From a pathophysiological point of view, they have been associated with an increased density of inflammatory cells (El-Hamarneh et al., 2013) , an increased number of oestrogen receptors and decreased number of progesterone receptors (Hatasaka, 2011) and an impaired secretion of implantation markers (Mollo et al., 2011) , all of which are potentially associated with an adverse reproductive impact. From a clinical point of view, several retrospective studies have supported the removal of polyps in women with infertility (Spiewankiewicz et al., 2003; Stamatellos et al., 2008; Yanaihara et al., 2008 Presented as mean (95% CI). Combined hysteroscopy and laparoscopy considered as the reference/gold standard. Magnetic resonance imaging has not been tested for accuracy as a screening tool but is considered to be at least as accurate as 3D US. The majority of saline infusion sonography (SIS) studies involve two-dimensions alone. HSG, hysterosalpingography; PPV, positive predictive value; NPV, negative predictive value.
Figure 4 Example of different uteri on 3D US alongside their respective diagnosis as illustrated by the ESHRE-European Society for
Gynaecological Endoscopy (ESGE) classification for female genital tract anomalies: Measurements can be carried out objectively and the patient can be counselled at the bedside.
with polyps due to undergo IUI (Perez-Medina et al., 2005) . In that trial women randomly allocated to the hysteroscopic polypectomy group achieved significantly higher pregnancy rates (63%) compared with women who underwent diagnostic hysteroscopy with simple polyp biopsy (28%), although it is worth noting that this trial was criticized for inconsistencies in a recent Cochrane database review (Jayaprakasan et al., 2014) . Nevertheless, the current consensus is that endometrial polyps should be screened for and removed prior to any ART treatment (Kodaman, 2016) . In terms of the methodological accuracy for diagnosing polyps, to date the majority of studies in women of reproductive age (i.e. premenopausal) have compared 2D US and 2D SIS against the gold standard of hysteroscopy (Bronz et al., 1997; de Vries et al., 2000; Cepni et al., 2005) or even hysterectomy , invariably finding 2D SIS to be superior to conventional 2D US. A recent systematic review and meta-analysis on 2D SIS in fact found the pooled sensitivity and specificity for diagnosing polyps to be 82% (95% CI 76-86) and 96% (95-98), respectively, with positive and negative likelihood ratios of 34.66 (95% CI 8.12-147.92) and 0.22 (95% CI 0.13-0.39), respectively .
Despite the numerous publications, however, there are limited data on the diagnostic accuracy of 3D US and/or 3D SIS in terms of identifying intrauterine polyps. In one study screening 3850 infertile women, 3D US was reported to have sensitivity of 100%, specificity of 99%, positive predictive value (PPV) of 99%, and negative predictive value (NPV) of 100% in diagnosing endometrial polyps when compared to hysteroscopy (Kupesic et al., 2002) . In another study, 3D US was found to be superior to 2D US, while 3D SIS was found to be superior to 2D SIS (La Torre et al., 1999) . These results were echoed in a subsequent study that also demonstrated 3D US and 3D SIS to be more accurate than 2D US and 2D SIS, respectively (Sylvestre et al., 2003) . Interestingly, a recent study also demonstrated 3D SIS to be superior to MRI in the detection of polyps that were confirmed by hysteroscopy or hysterectomy; in particular 3D SIS detected 100% of polyps, and identified the correct site of attachment in 87.5% (Inoue et al., 2016) . In view of these preliminary findings, it is possible that 3D US and 3D SIS may eventually replace the conventional 2D US and 2D SIS in the investigation of women with infertility . The clear advantages of 3D SIS involve the high acceptability of patients, the high accuracy comparable to hysteroscopy and the precise mapping of the lesion, which can aid with planning and performing the subsequent hysteroscopic procedure. An example of the different imaging modalities that can be used to diagnose a polyp is presented in Fig. 5 .
Fibroids
Uterine fibroids (or leiomyomas) consist of disorganized smooth muscle cells surrounded by an extracellular matrix that can present as isolated benign tumours of varying sizes or as multiple small tumours disseminated among the entire myometrial layer. They can be typically submucosal, intramural or subserosal, and their location and size will greatly determine their effect on fertility (Galliano et al., 2015) . Epidemiologically, the incidence of fibroids increases significantly with age, and is commonest in women of the black ethnic group, with an incidence of up to 80% in women aged 50 years (Baird et al., 2003) . The precise incidence is difficult to estimate in the infertile population due to the naturally heterogeneous population groups and the lack of prospective data, but it is nevertheless thought to be higher than in the fertile group (Marshall et al., 1998) . The adverse effect of fibroids in relation to reproduction is again likely to be multifaceted, including abnormal sperm and ovum migration, altered mechanical pressures, abnormal contractility, impaired blood supply to the endometrium and localized inflammation (Somigliana et al., 2007) . From a clinical point of view, there are a number of studies demonstrating a link between fibroids and reproductive outcomes. A highly cited meta-analysis has previously shown that submucosal and intramural fibroids-but not subserosal fibroids-are associated with poorer reproductive outcomes (Pritts et al., 2009) . A later updated meta-analysis confirmed that even non-cavity distorting intramural fibroids were associated with adverse pregnancy outcomes (Sunkara et al., 2010) , while later studies have attempted to determine the size threshold at which such myomas begin to cause these adverse effects. Interestingly, there is an ongoing debate with regards to this issue, with some authors reporting that intramural fibroids >2.95 cm are associated with poorer reproductive outcomes (Yan et al., 2014) , while others have reported that intramural fibroids of >5 cm are associated with impaired reproductive outcomes (Somigliana et al., 2011) .
Clearly, the correct diagnosis of fibroids within the ART setting is very important, and perhaps more challenging than the diagnosis of polyps, due to the great variation in number, location, size and distortion of the uterine cavity. Conventional 2D US is known to have a high sensitivity, specificity, PPV and NPV in diagnosing the presence of fibroids (Fedele et al., 1991; Indman, 1995) , which is further improved with the addition of SIS (Cicinelli et al., 1995; Becker et al., 2002) . A recent systematic review and meta-analysis concerning 2D SIS affirmed this notion, reporting a pooled sensitivity and specificity for diagnosing submucosal fibroids of 82% (95% CI 69-92) and 100% (98-100), respectively, with positive and negative likelihood ratios of 44.14 (95% CI 17.77-109.64) and 0.26 (95% CI 0.15-0.45), respectively .
The data with regards to 3D US and 3D SIS and diagnosis of fibroids are still very sparse. Two well designed prospective studies comparing 2D US, 2D SIS, 3D US and 3D SIS found 3D US to be superior to 2D US (Kupesic et al., 2002; Sylvestre et al., 2003) . Kupesic et al. (2002) in particular reported that 3D US provided clearer visualization of the uterine cavity compared with 2D US and a better estimation of the size, shape and appearance of the fibroids. In one case of two submucosal fibroids located in close proximity to the internal os, the authors reported that prior 3D US and 3D SIS mapping allowed them to plan the operative strategy when distention during operative hysteroscopy proved suboptimal (Kupesic et al., 2001) . Sylvestre et al. (2003) in their series of 92 patients also reported that 3D US was more accurate than 2D US and allowed the elimination of many fibroids thought to distort the endometrial cavity. Indicatively, they reported that the rate of normal examinations increased from 7.2% to 30.1% when 3D US was employed compared with 2D US alone. In addition, when employing 3D SIS they diagnosed an additional myoma that had been missed on 2D SIS, concluding that when 3D SIS is normal, diagnostic hysteroscopy becomes redundant (Sylvestre et al., 2003) . These sentiments with regards to the advantages of 3D US in the assessment of fibroids have been echoed by many subsequent authors (Armstrong et al., 2013; Groszmann and Benacerraf, 2016) . Salim et al. (2005) in their study comparing 3D SIS versus diagnostic hysteroscopy for the classification of submucosal fibroids, characteristically commented that 3D US enables the assessment of the uterus from any angle and in any arbitrary plane, making it possible to assess both the size and the extent of cavity indentation of each individual fibroid perpendicularly to the endometrium, in a way which cannot be achieved with any other conventional diagnostic technique (Salim et al., 2005 ). An example of 3D US mapping of fibroids is shown in Fig. 6 .
Adenomyosis
Adenomyosis is defined as the benign invasion of ectopic endometrial glands within the myometrium, either diffusely (adenomyosis), or in a localized manner (adenomyoma) (Campo et al., 2012; de Ziegler et al., 2016) . Interestingly, there is a strong association between the thickening and disruption of the junctional zone-as described previously-and the occurrence of adenomyosis (Brosens et al., 2010) . Epidemiologically, the incidence of adenomyosis increases with age, and is significantly associated with endometriosis and infertility (Kunz et al., 2005) . However, the exact prevalence within the infertile or ART population remains unknown due to the lack of studies and heterogeneity of diagnosis (Maheshwari et al., 2012) . Similar to junctional zone abnormalities, the pathophysiology linking adenomyosis and infertility appears to relate to abnormal uterine contractility, altered endometrial function and receptivity, and impaired implantation and decidualization (Campo et al., 2012) . From a clinical point of view, although the data are limited and predominantly retrospective, a recent meta-analysis concerning women undergoing ART has demonstrated reduced pregnancy rates and increased miscarriage rates when comparing women with adenomyosis versus controls (Vercellini et al., 2014) . Figure 6 Examples of 3D US mapping of uterine fibroids: (a) A left low cavity fibroid can be seen at the entrance of the internal os with 50% indentation into the cavity; (b) A left subserosal fibroid can be seen distorting the isthmic portion of the fallopian tube in a woman diagnosed with proximal tubal occlusion on hysterosalpingography; (c) A right low cavity intramural fibroid can be seen, which is adjacent to the endometrial cavity but not indenting it.
Unfortunately, despite the association shown, there have been very few studies examining the effect of various treatments on the reproductive outcome of these patients (Galliano et al., 2015) .
The diagnosis of adenomyosis on US remains somewhat of a challenge, mainly due to the fact that the disease presentation varies so dramatically. The 2D US features that are recognized to be associated with adenomyosis are the following: globular and enlarged uterus; asymmetrical anterior and posterior uterine walls; diffusely irregular myometrial echotexture with hypo-or hyperechogenic features (i.e. subendometrial/myometrial cysts and echogenic islands); subendometrial fan-shaped shadowing radiating across the myometrium; increased blood flow in the affected area; thickened, irregular, illdefined or interrupted junctional zone Van den Bosch et al., 2015) . Of these, the enlarged heterogenous myometrium appears to be the commonest finding, while the most accurate feature for diagnosis has been shown to be subendometrial fanshaped shadowing (or striations) (Kepkep et al., 2007) . When assessing the diagnostic accuracy of 2D US against a confirmed histological diagnosis of adenomyosis, a systematic review and meta-analysis showed that 2D US had a sensitivity of 72% (95% CI 65-79%), specificity of 81% (95% CI 77-85%), positive likelihood ratio of 3.7 (95% CI 2.1-6.4) and negative likelihood ratio of 0.3 (95% CI 0.1-0.5). The same review found MRI proved to be slightly superior than 2D US, with a sensitivity of 77% (95% CI 67-85%), specificity of 89% (95% CI 84-92%), positive likelihood ratio of 6.5 (95% CI 4.5-9.3) and negative likelihood ratio of 0.2 (95% CI 0.1-0.4) (Champaneria et al., 2010) . A later meta-analysis on the same subject reported similar results, with an AUC for diagnosing adenomyosis of 0.88 for 2D US and 0.91 for MRI (Maheshwari et al., 2012) .
Although there are several reports concerning the diagnosis of adenomyosis with 2D US and MRI, studies using 3D US have only just started to emerge. Interestingly, the majority of the reports on 3D US focus predominantly on the junctional zone alone. The group of Exacoustos et al. (2011) were one of the first to compare the diagnostic accuracy of 2D US with 3D US in diagnosing adenomyosis in 72 women who underwent hysterectomy (Exacoustos et al., 2011) . For the 3D US assessment, the coronal plane of the uterus was assessed with either the render or OmniView mode (VCI 2-4 mm slices). They then used the markers of JZdif ≥4 mm (defined as a difference between the largest and smallest junctional zone thickness observed on the coronal plane of ≥4 mm) and junctional zone infiltration/distortion, to diagnose an adenomyotic uterus. Interestingly, they found 3D US to be marginally more accurate than 2D US with an overall accuracy for diagnosis of 89% versus 83%, respectively. In particular, the sensitivity, specificity, PPV and NPV for 3D versus 2D US was 91%, 75%, 88%, 90%, and 85%, 86%, 92%, 82%, respectively (Exacoustos et al., 2011) . The same group later assessed a further 54 symptomatic premenopausal women due to undergo hysterectomy; using more extensive markers, they found that on 3D US, the features with the highest specificity and PPV were a junctional zone thickness ≥8 mm, myometrial asymmetry and hypoechoic striations. When at least two of these three features were present, the overall accuracy for diagnosis was reported to be 90%, with sensitivity, specificity, PPV and NPV of 92%, 83%, 99% and 71%, respectively. However, the authors reported that the diagnostic accuracy decreased to 50% in patients who had undergone endometrial ablation and to 60% in patients receiving medical therapy (Luciano et al., 2013) . Finally, the latest study from this group including 205 premenopausal women showed that women with diffuse adenomyosis on 2D US had significantly higher junctional thicknesses (both maximum and minimum) on the 3D coronal view, while both markers were also found to be significantly associated with the patients symptomatology (Pinzauti et al., 2015) . The only other study to describe 3D US parameters in the diagnosis of adenomyosis is that of Sharma et al. (2015) : in that study, along with six 2D US parameters, the parameter of 'ill-defined junctional zone on 3D US' was assessed as a possible marker of adenomyosis in 100 patients who later underwent surgery and received a histological diagnosis of their disease. Of the total seven markers assessed, the 3D US marker ranked as the second best predictor of adenomyosis after the 2D US marker of central vascularity (sensitivities of 86% and 93%, respectively) (Sharma et al., 2015) . It is worth noting that in this study the junctional zone thickness was not assessed as in the three previous studies of the group of Exacoustos et al. Overall, although the use of 3D US to assess either the appearance or the thickness of the junctional zone in the coronal plane seems promising as a diagnostic tool for adenomyosis, comparable to MRI, further research is necessary before it can be established in daily clinical practice. Ultimately, it seems likely that a combination of 2D and 3D US markers is likely to provide the highest diagnostic accuracy for diagnosing adenomyosis and performing objective measurements and mapping of the disease. An example of a normal versus an adenomyotic uterus is shown in Fig. 3 .
Intrauterine adhesions
Intrauterine adhesions are typically the result of trauma to the endometrium, which may result in the adherence of opposing raw surfaces, through the formation of fibrotic tissue . Epidemiologically, the incidence of intrauterine adhesions is difficult to determine as it varies significantly according to the geographic location, incidence of genital/puerperal infection, regional clinical practice and diagnostic criteria applied for diagnosis; it is however recognized to be associated with infertility in up to 43% of women (Schenker and Margalioth, 1982) . The pathophysiology relating to reproductive failure can range from the mechanical occlusion of the tubal ostia, uterine cavity, or cervical canal preventing the successful migration of sperm or implantation of the embryo, to the lack of functioning endometrium required for implantation and subsequent placental vascularization Amin et al., 2015) . From a clinical point of view, although reproductive outcomes vary significantly with the extent of the disease, reasonable pregnancy and live birth rates have been reported in cases where the intrauterine adhesions have been treated successfully Roy et al., 2010; Xiao et al., 2014) .
Traditionally, the gold standard for diagnosing intrauterine adhesions has been hysteroscopy, which has formed the basis of the early classification systems for intrauterine adhesions (March et al., 1978; American Fertility Society, 1988) . However, it is not without its limitations, as first, its reproducibility is hampered by the fact that it relies solely on the subjective impression of the operator, second it has reduced ability to differentiate between congenital uterine anomalies (such as unicornuate uteri when only one side of the cavity can be visualized), and third the examination is limited or not possible when there is obliteration in the lower part of the uterus preventing the cavity from distending with fluid (Amin et al., 2015) . The reported diagnostic accuracy of conventional 2D US is very variable, with some authors reporting sensitivity, specificity, PPV and NPV of 91%, 100%, 100% and 98.5%, respectively (Fedele et al., 1996) , while others have reported rates of 0%, 95.2%, 0% and 95.2%, respectively (Soares et al., 2000) . The significant inconsistencies between reports are likely to reflect the fact that intrauterine adhesions are technically quite difficult to diagnose. Equally, the skill and experience of the operator and the quality of the US equipment also play a significant role (Amin et al., 2015) . The data are more consistent and reassuring when it comes to 2D SIS. Several studies have suggested that 2D SIS is superior to 2D US in diagnosing intrauterine adhesions (Salle et al., 1999; Soares et al., 2000; Sylvestre et al., 2003) . Some studies have found 2D SIS to be similar (Soares et al., 2000) or superior (Acholonu et al., 2011) to HSG when compared to the gold standard of hysteroscopy. In a systematic review and meta-analysis comparing 2D SIS with hysteroscopy, the sensitivity, specificity, positive and negative likelihood ratios were 0.82 (95% CI 0.65-0.93), 0.99 (95% CI 0.98-1.00), 34.58 (95% CI 16.68-71.70) and 0.36 (95% CI 0.22-0.58), respectively . The authors in fact concluded that 2D SIS could be considered as an alternative to hysteroscopy in daily practice.
The data regarding the accuracy of 3D US alone in the diagnosis of intrauterine adhesions are rather limited. Pal et al. (2000) were one of the first to suggest that 3D US may be superior to 2D US and HSG in detecting and mapping intrauterine adhesions in a carefully presented case report. Knopman and Copperman (2007) concurred with this notion, in a series of 54 women where 3D US detected all cases of intrauterine adhesions (sensitivity of 100%) that were later confirmed on hysteroscopy. Aboulghar et al. (2011) also reported a high accuracy rate of 92% in diagnosing intrauterine adhesions in 14/77 patients who were found to have this pathology on hysteroscopy and laparoscopy (sensitivity, specificity, PPV and NPV of 57%, 100%, 100% and 91%, respectively). Interestingly, although more data are available regarding the use of 3D SIS for the diagnosis of intrauterine lesions in general, the actual numbers concerning the diagnosis of intrauterine adhesions are low. Indicatively, in three series of 977, 180 and 124 infertile women undergoing assessment with 3D SIS, 5/6 cases , 3/4 cases (El-Sherbiny and Nasr, 2011) and 4/6 cases (Makris et al., 2007) of intrauterine adhesions were detected, respectively (all cases were subsequently confirmed by hysteroscopy). Finally, Ludwin et al. (2014) within a different context, also demonstrated that 3D SIS had a sensitivity of 90% and specificity of 95% for the diagnosis of intrauterine adhesions in 10/141 women who were found to have post-operative adhesions following hysteroscopic metroplasty. Overall, given the emerging number of encouraging reports, and presumably their own personal experience, authors of systematic reviews have consistently recommended the use of 3D SIS in the diagnosis of intrauterine adhesions (Bega et al., 2003; Alcazar et al., 2012; Ahmadi et al., 2013; Armstrong et al., 2013; Zafarani and Ahmadi, 2013; Andreotti and Fleischer, 2014; Groszmann and Benacerraf, 2016) . In fact, in a recent editorial by Amin et al. (2015) a novel structured approach to diagnosing and treating intrauterine adhesions was proposed. The authors recommended all women with suspected intrauterine adhesions to undergo 2D US with SIS if required (i.e. if poor view or inconclusive). In cases where adhesions were confirmed they recommended 3D US with SIS if required to map out the location and extent of cavity obliteration and obstruction. Additionally, they advocated the use of objective measures to describe the extent of the disease, by estimating the percentage of the uterine cavity in the coronal plane which is found to be obliterated. An example of diagnosing intrauterine adhesions with the different modalities described in shown in Fig. 7 .
Caesarean scar defect
A Caesarean scar (CS) defect or niche is predominantly an ultrasonographic diagnosis and relates to the presence of a hypoechoic area within the myometrium of the lower segment, reflecting the discontinuation of the myometrium at the site of a previous Caesarean section. The causes for this defect in the healing of the myometrium are not clearly understood, but possible hypotheses include a low incision through cervical tissue, inadequate suturing of the lower segment myometrial wall, adhesion formation over the CS impairing effective healing, and patient-related factors that impair wound healing or increase inflammation . Epidemiologically, a systematic review and meta-analysis has reported a varying incidence of CS of between 56% and 84%, presumably due to heterogeneous populations, diagnostic methodology and criteria employed (Bij de Vaate et al., 2014) . From a clinical point of view, CS defects are often Figure 7 A case with concomitant intramural fundal fibroid and intrauterine adhesions: (a) 2D US could not clearly delineate the relationship between the fibroid and the endometrial cavity; (b) 2D SIS showed an apparently normal uterine cavity with no significant indentation from the fibroid; (c) 3D SIS confirmed the position of the fibroid but revealed an undiagnosed area of intrauterine adhesions in the left ostium. associated with menstrual abnormalities such as postmenstrual spotting , and in recent years subfertility (O'Neill et al., 2014) . A recent systematic review and meta-analysis suggested that patients who had undergone a Caesarean section had a 9% significantly lower subsequent pregnancy rate and a 11% significantly lower birth rate, although when the analysis included studies prone to less bias (i.e. studies that controlled for maternal age or included only primary elective Caesarean sections for breech delivery), the observed effect was significantly less (Gurol-Urganci et al., 2013) . Although RCTs are underway to assess the effect of hysteroscopic surgery on the symptoms associated with CS defects (Vervoort et al., 2015) , there are limited data regarding the effect of treatment on subfertility. As a result, although pregnancies have been reported following surgery for CS defects, a recent systematic review concluded that more evidence is needed before surgical interventions for CS defects are implemented into daily clinical practice .
Diagnostically, it is interesting to note that the CS defect has traditionally been a US diagnosis typically involving a triangular anechoic area at the presumed myometrial site of incision (Monteagudo et al., 2001) . In fact, although HSG and hysteroscopy have also been used, there is currently no consensus as to which should be the gold standard method used for the diagnosis of the condition (Bij de Vaate et al., 2014) . Nonetheless, since a reasonable prerequisite for the correct assessment of the CS defect requires the myometrial thickness at the lower segment or residual myometrial thickness at the point of previous CS, it is likely that US will prove to be the method of choice in the future. To date, most studies investigating this topic have focused mainly on the reproducibility of different US techniques. The group of Baranov et al. (2016) compared 2D US with 2D SIS in assessing the myometrial thickness adjacent to the scar defect (MTS) and the residual myometrial thickness over the scar defect (RMT). For both 2D US and 2D SIS they found the intraobserver reliability to be excellent, with intraclass correlation coefficients (ICCs) of ≥0.97 for both measurements. In addition, for MTS and RMT measurements, the interobserver ICCs were 0.82 and 0.87, respectively, for 2D US and 0.85 and 0.96, respectively, for 2D SIS. The authors therefore concluded that 2D SIS in particular is a reliable, reproducible method that can be used in clinical practice to assess CS defects in non-pregnant women (Baranov et al., 2016) . In terms of 3D, a study by Marjolein Bij de Vaate et al. (2015) assessed the reproducibility of 3D US in the assessment of a CS defect, although the acquired US volumes were only used to reproduce the longitudinal and transverse planes but not the coronal planes of the uterus. The authors found that various niche parameters, including depth (both perpendicular to niche base and maximal depth), maximal width, width at niche base, RMT and volume, can be measured with a high level of agreement, particularly if measured in the longitudinal plane (Marjolein Bij de Vaate et al., 2015) . In contrast, a subsequent similar study by Glavind et al. (2016) reported that US measurements remain subjective with rather wide limits of agreement even with 3D volumes. The authors suggested that further standardization in obtaining the 3D volumes as well as in the off-line settings should be attempted to lower the observer variability (Glavind et al., 2016) . Interestingly, there do not appear to be any reproducibility studies performed using 3D SIS, which yet may prove to be the most accurate and reproducible method. Indeed combined 2D/3D SIS may prove to be the most informative examination as it can clearly depict the extent of the defect not only in terms of depth but also laterality (example shown in Fig. 8 ).
Intratubal and intrauterine devices
A significant proportion of infertility is related to tubal disease and particularly hydrosalpinx(ges) (Ajonuma et al., 2002) , which in itself has long been known to reduce the chances of successful ART treatment (Strandell, 2000) . Although prior laparoscopic salpingectomy or tubal occlusion have been shown to improve ongoing clinical pregnancy rates following ART treatment (Tsiami et al., 2016) , a recent meta-analysis of 11 observational studies concluded that hysteroscopic tubal occlusion via use of Essure ® (Conceptus Inc., San Carlos, California, USA) could be an effective alternative (Arora et al., 2014) . However, this new minimally invasive technique is not without controversy, as a recent RCT reported it to be inferior to laparoscopic salpingectomy with respect to ongoing pregnancy rates (Dreyer et al., 2016) , while another meta-analysis suggested that it may be associated with an increased miscarriage rate (Barbosa et al., 2016) . Given the growing interest and controversies in the use of the Essure ® devices prior to ART, the careful imaging following their deployment may prove to be of paramount importance in the near future. To date, the gold standard method to ascertain the correct placement of the Essure ® -and that recommended by the Food and Drug Administration (FDA)-has been HSG within 3 months from the insertion time (Moureau et al., 2015) . However, there are now a growing number of publications to suggest that 3D US may be a more plausible and less invasive alternative. One early study of 50 patients found that 3D US was adequate in identifying the position of the tubal coils in 90% (45/50) of patients with only 10% (5/50) requiring HSG as a confirmatory test (Thiel et al., 2005) . Subsequently, Legendre and colleagues described a classification for the visualization of the deployed Essure ® coils according to their anatomical position on 3D US (perfect, proximal, distal and very distal position) (Legendre et al., 2010 (Legendre et al., , 2011 . Using this classification, several preliminary studies concluded that 3D US is a simple, reproducible, accurate and non-iodizing alternative to pelvic x-ray and HSG that could be used as the first line imaging method within this context (Legendre et al., 2010 (Legendre et al., , 2011 Moureau et al., 2015; Paladini et al., 2015; Simorre et al., 2016) . However, it is worth noting in these preliminary studies some authors noted that the interpretation of the 3D US images can be occasionally challenging (Simorre et al., 2016) , while others highlighted that in good hands, 2D US may display similar diagnostic accuracy in a more time-efficient manner (Paladini et al., 2015) . Similar to the intratubal devices, there are also some data to demonstrate the value of 3D US in the assessment of intrauterine devices. Although primarily intrauterine devices are used for the purpose of contraception, they are also frequently used within the field of ART for the prevention of adhesion reformation after the surgical treatment of intrauterine adhesions . Almost 20 years ago it was shown that 3D US permitted the visualization of all parts of an intrauterine device in at least 95% of patients (Lee et al., 1997) . Since then, studies have shown 3D US to be superior to 2D US in locating the precise position of such devices within the uterine cavity. More specifically, one study using 3D US found that 16.8% (28/167) of women had abnormally located intrauterine devices, none of which had been detected by 2D US (Benacerraf et al., 2009) . Another study of 128 women with confirmed intrauterine device malposition on hysteroscopy, laparoscopy, or laparotomy, found that 2D US had a detection rate of 64.8%, while 3D US had a detection rate of 83.6% . Similar favourable results for 3D US have also been reported for the less echogenic levonorgestrel-releasing Mirena ® device (Bayer Healthcare, Whippany, NJ, USA) (Moschos and Twickler, 2011; Andrade et al., 2016) . As a result, as per the intratubal devices, several authors now advocate the use of 3D US as the investigation of choice for precisely locating the various intrauterine devices available (Armstrong et al., 2013; Andreotti and Fleischer, 2014; Ong, 2016) (example shown in Fig. 9 ).
Embryo transfer
Embryo transfer is arguably one of the most important and rate limiting steps within the ART treatment process, despite the fact that there has been little change in this procedure over the past few decades (Mains and Van Voorhis, 2010) . Over a decade ago, the first meta-analysis was published regarding the use of 2D US, which concluded that 2D USguided embryo transfer significantly increases the implantation and clinical pregnancy rates compared with non-US-guided embryo transfers (Buckett, 2003 ). This has been followed up by two recently updated meta-analyses using ongoing pregnancy/live birth used as the primary outcome (Teixeira et al., 2015; Brown et al., 2016) . As expected, the data are more sparse when it comes to the use of 3D US within this context. Baba et al. (2000) , were one of the first to report on 3D US-guided embryo transfer, concluding that it could efficiently and effectively show the catheter tip within the uterus and would prove beneficial in achieving high success rates and reduced complications in the future (Baba et al., 2000) . Letterie (2005) later compared the precision of the catheter placement by performing 2D US followed by 3D US in a series of women who were essentially acting as their own controls. The results showed that 19% (4/21) of women who were thought to have optimal catheter placements on 2D US were in fact found to be suboptimal when 3D US was performed (e.g. catheter was displaced far into the cornual region). This was later supported by the findings of Fang et al. (2009) who, in a similarly designed study of 319 women, found that 43.9% (140/319) had significantly different catheter placements when assessed with 3D versus 2D US. The largest series in the literature to date focusing on clinical outcomes comes from Gergely et al. (2005) ; they first described 1222 women undergoing 3D US-guided embryo transfer, reporting encouraging pregnancy rates when transferring the embryos to the so-called maximum implantation point at the centre of the uterine cavity. In the following years, the authors went on to present an updated cohort (n = 5073) where they concluded that since introducing this technique, their centre saw a 10.0% increase in the pregnancy rate and a 1.3% reduction in ectopic pregnancy rate (from 1.8% to 0.5%, per embryo transfer) (Gergely, 2010) .
Despite these preliminary findings from observational studies, a prospective RCT-the first to our knowledge-comparing 3D with 2D US-guided embryo transfer in 474 women showed no difference in ongoing pregnancy rates between the two groups (35.4% versus 37.1%, P = 0.70; rate ratio 0.96, 95% CI 0.75-1.21) . Furthermore, it showed no differences in any of the secondary outcomes (biochemical pregnancy rate, miscarriage rate, ectopic pregnancy rate and multiple pregnancy rate). It was concluded that the lack of significant improvement in clinical outcomes in the 3D USguided embryo transfer group may have been due to the following facts: echogenic tip embryo catheters now allow even 2D US to give a precise appreciation of the location of transfer within the cavity; adjusting the position of the embryo transfer catheter in the coronal plane is not always possible due to its inherent restriction in lateral movement; although 3D US guidance may have allowed a more accurate transfer, possible embryo migration may have rendered this benefit obsolete . These findings should not however undermine the fact that 3D US-guided embryo transfer can be potentially quite useful in cases with abnormal uterine anatomy, such as bicorporeal uteri, and also informative to both the clinicians and the patients alike, particularly when an apparently uncomplicated embryo transfer results in an ectopic pregnancy (an example of identifying the precise location of the embryo flash following transfer is shown in Fig. 10 ). Furthermore, although 3D US provides only a static image, further advancement in technology may allow for 3D US to perform live real-time examinations (i.e. 4D US) with the same ease as 2D US real-time examinations, which may prove to be of more value within this context.
Implantation and early pregnancy
Identifying the site of implantation following embryo transfer is of particular importance in the context of ART, since it is known that women receiving this treatment are at an increased risk of suffering an ectopic pregnancy (Chang and Suh, 2010) . With regards to the uterine assessment, 3D US permits accurate assessment of perhaps the most confusing type of ectopic pregnancy, the interstitial pregnancy. Strictly speaking, the definition of an interstitial pregnancy is one that has implanted in the interstitial portion of the fallopian tube, which traverses the muscular myometrial layer of the uterus, but is outside of the endometrial cavity (Moore et al., 2011) . However, it is worth noting the terms interstitial, cornual, angular and eccentric pregnancies have been used interchangeably and inconsistently throughout the literature over the past few years, causing great confusion amongst clinicians (Arleo and DeFilippis, 2014) . A recent review analysing all terms and definitions used within the literature, suggested using only the terms interstitial and angular pregnancy in clinical practice. The term interstitial should be used according to the definition above, while angular pregnancy should be used to denote an intrauterine pregnancy of potential viability just medial to the uterotubal junction and within the uterine cavity (Arleo and DeFilippis, 2014) . It is quite interesting to note that authors recently using 3D US for the diagnosis of such pregnancies have also advocated the use of these terms and definitions (Tanaka et al., 2014) .
From a diagnostic point of view, various criteria have been proposed for the diagnosis of interstitial pregnancies using 2D US. These essentially describe an empty uterine cavity, with a gestational sac beyond the most lateral aspect of the uterine cavity (with a possible interstitial line between the two) and an uninterrupted myometrial ring/layer surrounding the sac (Timor-Tritsch et al., 1992; Hafner et al., 1999; Jurkovic and Mavrelos, 2007) . However, although specific diagnostic criteria are yet to be published, a series of recent case reports have highlighted the value of 3D US in the diagnosis of such pregnancies, as the reconstructed coronal view of the uterus allows delineation of the entire uterine cavity in a single plane, and clear identification of the intramural portion of the fallopian tube (Izquierdo and Nicholas, 2003; Anandakumar and Mohammed, 2004; Malinowski and Bates, 2006; Araujo Junior et al., 2007; Tanaka et al., 2014; Jiang et al., 2015) .
Despite the relative rarity of these cases, assessment with 3D US may also prove to be of value in cases of cervical/CS ectopic pregnancies. In such cases, 2D US criteria have involved an empty uterine 
Figure 11
Examples of angular, interstitial and cervical pregnancies diagnosed with 3D US: The first is within the uterine cavity, albeit in the superior lateral aspect of the cavity, medial to the uterotubal junction; The second is within the interstitial portion of the fallopian tube adjacent to an empty uterine cavity; The third is within the cervical canal, adjacent to an empty uterine cavity. The first pregnancy is intrauterine and potentially viable, whereas the latter two are ectopic and non-viable. cavity, with the presence of a gestational sac below the internal os (or within the site of a previous CS) and ballooning of the cervix (Hofmann et al., 1987; Vial et al., 2000; Jurkovic and Mavrelos, 2007) . 3D US may also be highly valuable in these cases by delineating the uterine cavity and distinguishing it from the cervical canal in a similar way as described above. Further research using 3D US is indeed warranted for these very important and potentially life-threating conditions (Arleo and DeFilippis, 2014) . (Examples of angular, interstitial and cervical pregnancies are shown in Fig. 11.) 
Future directions
Whilst the clinical applications of 3D US have broadened significantly over the years, supported by the plethora of good quality studies, there is no doubt that further development in 3D US and its application will continue in the near future. This involves not only an improvement in the hardware of the machine but also the software, which enables functions such as advanced rendering and automated volume calculations. In terms of advanced rendering of the uterus, attempts have been made in the past to perform a virtual hysteroscopy using 3D US to demonstrate its potential capabilities (Ayoubi et al., 2002) . Recently this has been improved via use of novel rendering software, making the images highly comparable to conventional hysteroscopy (Rajendran et al., 2013; Saravelos and Li, 2016c) . Although such attempts at a virtual hysteroscopy have been made using both computerized tomography (Carrascosa et al., 2008; Celik et al., 2010) and also MRI (Unterweger et al., 2002) , 3D US holds the obvious advantage of no radiation exposure, accessibility and low cost. Of course studies examining clinical outcomes using such novel Figure 12 An example of a woman with intrauterine adhesions treated in the outpatient setting using intrauterine balloon therapy (Saravelos and Li, 2016a,b) : 3D SIS is shown before therapy (a) and post therapy (b). (HDLive rendering, Inverse HDLive rendering and SonoAVC is demonstrated, respectively.) techniques would be required in the future before they are introduced into daily clinical practice. With regards to automated volume calculations, Ludwin et al. (2016b) recently described the technique of SonoHysteroAVC in order to assess the uterine volume estimation and quantify the degree of deformity (Ludwin et al., 2016a,b) . Such techniques may prove valuable in objectively assessing operative outcomes, and may pave the way using 3D US in conjunction with operative procedures . A good example is a recent report of hysteroscopic treatment of a complex uterine malformation-Robert's uterus-using concurrent 3D US guidance rather than laparoscopy, with obvious benefits for the patient (Ludwin et al., 2016a,b) . Furthermore, it has also now been demonstrated that treatment of minor-moderate intrauterine adhesions can be carried out in the outpatient setting, using only an intrauterine balloon catheter under 3D SIS guidance (Saravelos and Li, 2016a,b) (examples given in Fig. 12 ). Further developments in live real-time 4D US may allow for such US-guided procedures to be performed with even greater accuracy and precision in the near future.
Conclusions
3D US offers a unique opportunity to assess the uterus in ways not possible with 2D US or indeed other imaging modalities. So far, certain applications have been found to be of more clinical value than others. For example, 3D US endometrial volume and endometrial/ subendometrial vascularity have not shown consistent correlations with reproductive outcomes. On the contrary, 3D US and 3D SIS have been shown to be highly accurate and comparable to endoscopic assessment in the diagnosis of congenital and acquired uterine anomalies, with the added benefit of non-invasiveness, availability, reproducibility and objectiveness. This also seems to be the case in terms of identifying the location of intratubal and intrauterine devices. With regards to ART treatment, although 3D versus 2D US-guided embryo transfer may be more informative and 'patient-friendly', this does not currently appear to translate into improved clinical outcomes. However, 3D US assessment of the exact site of implantation may offer genuine advantages over conventional 2D US, particularly in suspected cases of interstitial, angular, cervical and CS pregnancies. Finally, future developments may allow for a further integration of 3D and possibly 4D US with endoscopic surgery of the uterus.
